Abstract:
Background -Digitalis-induced Na + accumulation results in an increase in Ca Methods and Results -In paced rat ventricular myocytes (0.5 Hz), 50 μmol/l ouabain increased contraction amplitude by 160 ± 5%. In the absence of electrical stimulation, ouabain promoted spontaneous contractile activity and Ca 2+ waves. Ouabain activated CaMKII (P-CaMKII) which phosphorylated its downstream targets, phospholamban (Thr17) and ryanodine receptor (RyR) (Ser2814). Ouabain-induced spontaneous activity was prevented by inhibiting CaMKII with 2.5 μmol/l KN93 but not by 2.5 μmol/l of the inactive analogue KN92. Similar results were obtained using the CaMKII inhibitor, AIP
(1-2.5 μmol/l) and in myocytes from transgenic mice expressing SR-targeted AIP.
Consistently, CaMKII overexpression exacerbated ouabain-induced spontaneous contractile activity. Ouabain was associated with an increase in SR Ca 2+ This I ti is responsible for the generation of delayed afterdepolarizations (DADs) which, if sufficiently large may achieve threshold and generate spontaneous action potentials leading to extrasystoles and ventricular arrhythmias 3 . However, several lines of evidence suggest that increased SR Ca 2+ load in itself is not sufficient to promote diastolic spontaneous SR Ca 2+ release. For example, PLN knockout mice which have a fully loaded SR, have not been shown to be prone to arrhythmias under basal conditions 4, 5 .
Moreover, a recent report showed that ouabain-induced DAD's could be prevented by using JTV-519, a putative ryanodine receptor (RyR) stabilizer 6 , suggesting that the underlying alteration responsible for ouabain-induced arrhythmias was at the level of the RyR rather than on SR Ca 2+ load. Indeed, in addition to SR Ca 2+ overload, an increase in is exceeded so o o o o o o t t Ca 2+ e e e e e e equ qu qu qu qu qu quil il il il il ilib ib ib ib ib ib ibri ri ri ri ri ri rium um um um um um um RyR open probability resulting in enhanced SR Ca 2+ leak is also a well known substrate for triggering Ca 2+ waves, I ti , DADs and eventually arrhythmias 7 .
In a previous study we showed that chronic treatment with low non toxic doses of the cardiotonic steroid, ouabain, can induce apoptosis through a mechanism that requires Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) activation 8 . In this study, we
found that the activation of the NCX during ouabain treatment leads to an increase in intracellular Ca
2+
i that results in CaMKII activation and culminates in apoptotic cell death. The above mentioned signaling events could also be involved in cardiotonic steroid (CTS)-induced arrhythmias given that CaMKII activation has been shown to increase SR Ca 2+ load and leak and induce arrythmias 9 . However, whether CaMKII contributes to glycoside-induced arrhythmias, has not been previously assessed.
The aim of this study was to examine whether cardiotonic steroid-induced arrhythmias are CaMKII-dependent and if so, to determine the underlying mechanisms involved. For this purpose, we assessed the spontaneous contractile activity associated with Ca 2+ waves as a proximal direct index of triggered DAD-like arrhythmias in rat myocytes and we used transgenic mice, as an experimental tool to asses the underlying mechanisms of cardiotonic steroid-triggered arrhythmias.
Methods

Myocyte isolation and culture
All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication No.85-23, revised 1996) and approved by the ation has been n sh sh s s s s s ever, r, r, r, r, r, r w w w w w w whe he he he he he eth th th th th th ther er er er er er er C C C C C C ). Central thoracotomy and heart excision was performed immediately after plane three of phase III of anaesthesia was reached, verified by the loss of the corneal reflex and appearance of slow deep diaphragmatic breathing.
Myocytes were isolated by enzymatic digestion, as previously described 10 . Details are provided in Supplemental Material.
Indo-1 fluorescence and cell shortening measurements
Isolated myocytes were loaded with Indo-1/AM (17 μmol/l for 9 min) 10 . Details of Indo-1 fluorescence and shortening methods are provided under Supplemental Material.
The propensity to develop DAD-like arrhythmias was estimated from the number of non stimulated contractile events (NSE). NSE were defined as spontaneous Ca i T increases with subsequent contractions of myocyte 11 . These spontaneous Ca i T or Ca 2+ waves and the associated contraction can be used as a proximal direct index of triggered DAD-like arrhythmias 12 .
Confocal imaging of intact cardiac myocytes
ex and appeara ra ra a a a an n n n s d 6 Cells loaded with 10 μmol/l Fluo-3 were visualized using a Leica TCS SP5 inverted confocal microscope (Leica, Germany). Details for confocal imaging are given in Supplemental Material.
Western Blot
Homogenates, cytosolic fractions and SR membranes were prepared from the pulverized ventricular tissue from Langendorf perfused rat hearts as previously described 10 . Details are provided under Supplemental Material.
Adenoviral gene transfer and transfection efficiency
Two first-generation type 5 recombinant adenovirus, kindly supplied by Dr.
Roger J. Hajjar (Mount Sinai School of Medicine, New York, NY, USA), were used.
Ad. gal, carrying the -galactosidase and the green fluorescent protein (GFP) genes and Ad.CaMKII, carrying both the CaMKII C and the GFP genes, each under separate cytomegalovirus promoters. For details of the infection of myocytes with the adenovirus, see Supplemental Material.
In vivo ECG measurements
Surface ECG were recorded in Balb-c and SR-AIP mice using standard ECG electrodes for Powerlab/4st data acquisition system. Further details are provided in Supplemental Material.
Ouabain Doses
The concentration of ouabain used in this study (50 μmol/l) has been previously shown to be arrhythmogenic 13 . In the in vivo experiments 10 mg/Kg were injected IP. The rationale for using these doses is detailed in Supplemental Material. 
Statistical Analysis
Results
Ouabain induces spontaneous contractile activity, Ca 2+ waves and activates CaMKII in rat myocytes.
The effect of 50 μmol/l ouabain on cell contraction and the associated intracellular Ca 2+ transient (CaiT) was tested in freshly isolated rat myocytes. The propensity for non stimulated contractile events (NSE) and spontaneous Ca 2+ waves was assessed using the protocol depicted in Figure 1A . Myocytes, field stimulated at 0. Overall results show that ouabain significantly increases the number of NSE in WT controls and that these events evoked by ouabain, do not significantly increase in SR-AIP cells ( figure 4B ). Figure 4C shows that ouabain produced a similar positive inotropic effect in myocytes isolated from WT or SR-AIP mice.
Mechanisms underlying CaMKII-mediated ouabain-induced arrhythmias.
Ca 2+ waves generate spontaneous contractions but more importantly they are also the substrate for DAD-triggered arrhythmias which are thought to be responsible for digitalis intoxication 14, 15 . At least two factors have been shown to underlie spontaneous SR Ca 2+ release or Ca 2+ waves: 1) an increase in SR Ca 2+ load and 2) an increase in the sensitivity of the RyR for Ca 2+ release 7, 15 . CaMKII has been shown to enhance both these processes 16, 17 , suggesting its potential involvement in CTS-induced arrhythmias.
However, whether CaMKII favours ouabain-induced arrhythmogenicity by affecting SR Ca 2+ load, the sensitivity of the RyR for Ca 2+ release or both these mechanisms, is unknown.
a) Effect of CaMKII inhibition on ouabain-induced increase in SR Ca
2+
load. After 20 min of pacing rat myocytes at 0.5 Hz in the presence of ouabain, pacing was ether ouabain n n i i i i i i in gener er er er r er erat at at at at at atio io io io io io ion n n n n n n of 
CaMKII inhibition prevents ouabain-induced arrhythmias in vivo.
In the absence of ouabain, wild type mice did not exhibit spontaneous arrhythmias as evidenced from continuous, in-vivo, ECG measurements. As shown in figure 7A, 10 mg/Kg IP administration of ouabain induced a variety of ECG alterations in a background of sinus bradycardia and AV block due to the vagal effects of ouabain.
Among these alterations ventricular ectopic beats and sustained ventricular tachycardia were the most common. These arrhythmic events were diminished in the presence of KN93 (30 μmol/kg IP; n=9; Fig 7B) and absent in SR-AIP mice (n=5; Fig 7C) . Table 1 shows the incidence of ventricular ectopic beats and sustained ventricular tachycardia in the presence of ouabain alone, ouabain + KN93 or SR-AIP mice treated with ouabain. In addition, KN93 significantly reduced ouabain-induced mice mortality. 9 out of 11 (18 % survival) mice treated with ouabain died after treatment whereas, 6 out 9 (67 % survival) 
CaMKII inhibition prevents digoxin-induced spontaneous activity
To examine whether the observed effect of ouabain on spontaneous activity was common to other related cardiotonic steroids, we studied the effect of digoxin (Dig), on the number of NSE, SR Ca 2+ load and Ca 2+ spark and wave frequency in the absence and presence of KN93. Figure 8 shows that a low, non toxic but inotropic dose of Dig (10 μM Highlighting the clinical relevance of our findings, it is noteworthy that we obtained similar results using digoxin, a structurally different cardiotonic steroid routinely used in the clinical practice.
Ouabain toxicity and CaMKII
It is now generally accepted that ouabain increases intracellular Na 
Mechanisms underlying ouabain-induced CaMKII-dependent arrhythmias
Cardiotonic steroid-induced arrhythmias have been shown to be mediated by Ca 2+ waves, resulting in DADs, which generate spontaneous action potentials 3, 6 . A potential role for 24, 25 .
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In a recent report, ouabain-triggered arrhythmias were associated with mitochondrial dysfunction 26 . This study convincingly showed that ouabain-induced arrhythmias could be prevented by blocking the mitochondrial NCX (NCXm). These results obtained using Consistently with our findings, several studies have demonstrated that catecholaminergic polymorphic ventricular tachycardia (CPVT), an arrhythmic condition which resembles that of digitalis-toxicity, is also linked to Ca 2+ leak from the SR and can be triggered by ouabain 6 . More importantly, CPVT can be prevented by CaMKII inhibition 27 . These results not only demonstrate the fundamental role of CaMKII in these types of arrhythmias but also highlight the potential use of CaMKII inhibition as a valid therapeutic option for both CPVT and digitalis-induced arrhythmias.
In summary, we have presented evidence indicating that cardiotonic steroids activate CaMKII which increases the Ca 2+ sensitivity of the RyR lowering the threshold for spontaneous release and predisposing the heart for DAD-triggered arrhythmias. These results highlight the need for a redefinition of the mechanisms underlying digitalisinduced arrhythmias in general attributed almost exclusively to an increase in SR Ca 2+ load. These findings could help to explain the enhanced propensity for fatal arrhythmias observed in heart failure patients, where high levels of endogenous ouabain-like compounds 28 and CaMKII expression 29 has been reported. Finally, although the benefit of glycoside therapy in patients with end stage heart failure is widely acknowledged, the SR and can be e e e e t t t t t t tr r MKI II I I I I I I in in in in in in nhi hi hi hi hi hi hibi bi bi bi bi bi biti ti ti ti ti ti tion on on on on on on Resting cell length and cell shortening were measured by a video-based motion detector (Crescent electronics, UT, USA) and stored by software for an off-line analysis (PowerLab/400 ADInstruments).
Confocal imaging of intact cardiac myocytes
Confocal images of Ca 2+ sparks were taken in the line scan mode 
Western Blot
Protein was measured by the Bradford method using BSA as standard.
Lysates (~90 µg of total protein per gel line) were seeded in a 10% SDS polyacrylamide gel 4 and transferred to polyvinylidene difluoride membranes.
Blots were probed overnight with the antibodies raised against phospholamban (PLN) (ABR, California, USA) Phospho-Thr17-PLN (Badrilla, Leeds, UK)
CaMKII (Chemicon International, Lake Placid, NY) phospho-Thr286-CaMKII, (Badrilla, Leeds, UK) phospho-Ser2814-RyR (Bradilla, Leeds, UK) and Anti GAPDH (Santa Cruz Biotechnology, Santa Cruz, USA) for normalization.
Immunoreactivity was visualized by a peroxidase-based chemiluminescence detection kit (Amersham Biosciences) using a Chemidoc Imaging System. The signal intensity of the bands in the immunoblots was quantified by densitometry using Image J software (NIH).
Adenoviral Infection
Plated rat myocytes were infected with adenoviruses at a multiplicity of infection (MOI) of 100 and cultured for 24 hrs. The verification of the transgene expression was monitored by western blot and GFP fluorescence at an excitation wavelength of 480 nm after the culture period 1 .
In vivo ECG measurements
ECGs were acquired at 40 KHz sampling rate. Recordings were performed after 20 min intraperitoneal injection of 10mg/kg ouabain and for a period of 60 min. Arrhythmias were assessed by quantifying the incidence of ventricular ectopic beats (premature or ventricular escape beats) and sustained ventricular tachycardia during the 60 min recording period. Similar experiments were conducted in mice pretreated with the CaMKII inhibitor KN 93 (30 µmol/Kg IP).
This dose of KN 93 has been shown to prevent arrhythmic processes of different etiology 5, 6 .
To avoid restraining mice during the 60 minutes ECG recording period a more physiologic ECG recording system in which the mice can move freely around the cage was designed and used in a group of mice.
As shown in the photograph, we made a cloth vest holding the ECG electrodes connected through very thin cables to the acquisition system. This vest was placed on the mouse's chest and ECG was recorded during one hour in the absence and presence of ouabain and ouabain + KN93. Disconnected vests were placed on the mice for 24 hrs prior to the experiment for their habituation.
Using this more physiological approach, we obtained similar results to those using the retrained animal.
Ouabain Doses
The therapeutic and toxic levels of both ouabain and digoxin are more than 100 times higher in rodents than in humans. The dose of ouabain used in this study (50 µmol/l) has been previously shown to be arrhythmogenic 7 . This dose is in the lower limit of toxicity in the rat heart, a species with extremely low sensitivity to ouabain 8 . We chose this dose of ouabain because in control experiments (not shown) we observed that it was able to systematically and reproducibly produce arrhythmias and utilized this as a model to study the underlying subcellular mechanisms involved in ouabain-induced arrhythmias.
The dose of ouabain used in our in vivo experiments was 10 mg/Kg I.P. In control experiments we observed that ouabain at an order of magnitude below the dose used, did not promote arrhythmias within the first hour following administration, whereas ouabain at an order of magnitude above the one used, killed the animals during the first hour. Furthermore, the dose of ouabain recognized as the i.p. lethal dose 50 (LD50) in the mouse is 11 mg/kg 9 . Thus, for our in vivo ECG measurements we used a similar dose (10 mg/Kg).
Data Analysis:
Data sets resulting from the quantification of random events (NSE, Ca2+ spark characteristics and wave frequency), were summarized in box and whisker plots.
The horizontal lines in the box denote the 25th, 50th, and 75th percentile values.
The error bars denote the 5th and 95th percentile values. The square symbol in the box denotes the mean of the data. Non parametric statistical tests were used to assed whether differences between groups were statistical significant. Kruskal
Wallis one-way ANOVA analysis of variance followed by Dunn's method was used for multiple comparisons and Mann-Whitney Rank sum test was used for two sample groups.
